Forest productivity declines with tree age. This decline may be due to changes in metabolic functions, resource availability and/or changes in resource allocation (between growth, reproduction and storage) with tree age. Carbon and nitrogen remobilization/storage processes are key to tree growth and survival. However, studies of the effects of tree age on these processes are scarce and have not yet considered seasonal carbon and nitrogen variations in situ. This study was carried out in a chronosequence of sessile oak (Quercus petraea Liebl.) for 1 year to survey the effects of tree age on the seasonal changes of carbon and nitrogen compounds in several tree compartments, focusing on key phenological stages. Our results highlight a general pattern of carbon and nitrogen function at all tree ages, with carbon reserve remobilization at budburst for growth, followed by carbon reserve formation during the leafy season and carbon reserve use during winter for maintenance. The variation in concentrations of nitrogen compounds shows less amplitude than that of carbon compounds. Storage as proteins occurs later, and mainly depends on leaf nitrogen remobilization and root uptake in autumn. We highlight several differences between tree age groups, in particular the loss of carbon storage function of fine and medium-sized roots with tree ageing. Moreover, the pattern of carbon compound accumulation in branches supports the hypothesis of a preferential allocation of carbon towards growth until the end of wood formation in juvenile trees, at the expense of the replenishment of carbon stores, while mature trees start allocating carbon to storage right after budburst. Our results demonstrate that at key phenological stages, physiological and developmental functions differ with tree age, and together with environmental conditions, influence the carbon and nitrogen concentration variations in sessile oaks.
Introduction
Forest productivity plays an important role in wood production and forest carbon storage capacity. However, it is well known that forest productivity declines with tree age (Kira and Shidei 1967 , Gower et al. 1996 , Genet et al. 2010 . This decline could result from a carbon assimilation decrease (Ryan et al. 2006) : studies indicate that there is a decrease in leaf surface or light interception with tree age (Bond-Lamberty et al. 2002 , Niinemets et al. 2005 , and an increase in hydraulic constraints with tree age (Hubbard et al. 1999 , Zaehle et al. 2006 ). However, these parameters do not entirely explain the productivity decline which may result from a decrease in resource availability, a change in resource allocation and/or changes in metabolic functions with tree age (Becker et al. 2000 , Ryan et al. 2006 , Genet et al. 2010 . Carbon and nitrogen stores have a key role in the regulation of tree growth (Millard 1996 , Korner 2003 , Michelot et al. 2012 , Richardson et al. 2013 and survival (Canham et al. 1999 , Trubat et al. 2008 , Imaji and Seiwa 2010 . Tree growth can depend on external and internal carbon and nitrogen sources. External nitrogen sources may include root uptake of soil nitrogen or even atmospheric deposition absorption. The external carbon source is atmospheric CO 2 assimilation by photosynthesis (Millard and Grelet 2010) . Internal sources derive from carbon and nitrogen storage (Chapin et al. 1990 ). Reserves of total non-structural carbohydrates and total non-structural nitrogen compounds supply carbon and nitrogen for sink demand, spring growth and winter maintenance (Stepien et al. 1994 , Barbaroux and Breda 2002 , Hoch et al. 2003 , Bazot et al. 2013 . It is well known that in mature temperate deciduous trees, carbon reserves are formed during the growing season, reaching maximal total non-structural carbohydrate concentrations at leaf senescence (Barbaroux and Breda 2002 , Hoch et al. 2003 , Millard and Grelet 2010 , El Zein et al. 2011b , Bazot et al. 2013 , Richardson et al. 2013 . Carbon is stored mainly as starch (Tromp 1983 , Millard et al. 2007 , Millard and Grelet 2010 , Bazot et al. 2013 , and to a lesser extent as soluble sugars (Hoch 2007) . Accumulation of carbon occurs throughout the tree (Millard and Grelet 2010) ; however, some compartments play a more important role in carbon storage than others. The major carbon fluctuations occur in branches and belowground organs (Tromp 1983 , Genet et al. 2010 , Valenzuela Nunez et al. 2011 , Bazot et al. 2013 . Although carbon compound concentrations are lower in the stem, this is also an important storage compartment due to its biomass, particularly in mature trees (Barbaroux et al. 2003) . The internal nitrogen cycle of trees has been mainly documented in young fruit trees in pots or poplar (Kang et al. 1982 , Malaguti et al. 2001 , Cooke and Weih 2005 , Millard et al. 2006 . Only recently research on seasonal nitrogen changes has been performed in situ on mature temperate trees, though on either few dates (Bazot et al. 2013) or few compartments (El Zein et al. 2011b) . Vegetative storage proteins are the main nitrogen storage compounds (Staswick 1994 , Stepien et al. 1994 , Millard and Grelet 2010 , Valenzuela Nunez et al. 2011 ) synthesized between the end of summer and leaf senescence (Gomez and Faurobert 2002, Valenzuela Nunez et al. 2011) . Amino acids are also important nitrogen storage compounds (Dickson 1989) . The youngest parts of trees (medium-sized and fine roots, branches and youngest rings) are the main compartments for nitrogen storage (Sauter et al. 1989 , Valenzuela Nunez et al. 2011 , Bazot et al. 2013 . Nitrogen reserves are remobilized in the spring for growth of new organs (Millard 1996 , Cooke and Weih 2005 , Bazot et al. 2013 . Relationships between tree age and carbon and nitrogen compound concentrations have mostly been established using samples taken at the end of the growing season. The results are full of contrasts. Genet et al. (2010) measuring total non-structural carbohydrate concentrations in sessile oaks (Quercus petraea Liebl.) and beeches (Fagus sylvatica) between two sampling periods (May and October) observe an increase in allocation of total non-structural carbohydrates to storage and reproductive functions with tree age within a beech chronosequence, whereas the carbon balance between growth and storage remained stable over five age groups in a sessile oak chronosequence. Total non-structural carbohydrates and nitrogen concentrations decreased with tree plant biomass in the stem and roots of three tree species (Abies, Acer and Pinus) (Machado and Reich 2006) , and total nonstructural carbohydrate remained stable with tree age in the stem and roots of Nothofagus pumilio under two different climates (Piper and Fajardo 2011) .
The main objective of this study is to test tree age effects on seasonal carbon non-structural compounds (C-NSC, i.e., starch + soluble sugars) and nitrogen non-structural compounds (N-NSC, i.e., soluble proteins + amino acids) storage and remo bilization in situ in a temperate deciduous tree species, Q. petraea, over 1 year (from winter to winter). To our knowledge, this experiment is the first to couple the study of seasonal variations of carbon and nitrogen compounds for three different ages of oaks grown under similar edaphic and climatic conditions in the same forest. As shown by Millard and Grelet (2010) , carbon and nitrogen storage and remobilization are closely linked to phenological events. Consequently, we tested the following two hypotheses: (i) carbon and nitrogen storage and remobilization are different in oaks of different ages, at key phenological stages; and (ii) tree compartments have different functions in carbon and nitrogen remobilization/storage processes with tree age. We monitored seasonal variations of C-NSC and N-NSC concentrations in a chronosequence of sessile oak spanning three ages: 8, 20 and 150 years old. The principal organs in terms of carbon and nitrogen fluctuations, as shown by Bazot et al. (2013) , i.e., the most recent branches and fine and medium-sized roots, were sampled over 1 year, focusing on key phenological stages in order to determine the influence of tree age on seasonal patterns of carbon and nitrogen reserves.
Materials and methods

Site and stand descriptions
The study was conducted in 2011 and 2012, in the Barbeau forest (48°29′N, 02°47′E), located 60 km southeast of Paris (France) at an elevation of 90 m. The soil of the Barbeau forest is hydromorphic and composed of gley and millstone grit. The mean temperature, annual rainfall and drought index (rainfall/ potential evapotranspiration) between April and October in this temperate location are 11.0 °C, 664 mm and 0.40 (average 1960-2012) , respectively. In 2011, the mean temperature was 12.4 °C, the annual rainfall was 604 mm and the drought index was 0.34.
A chronosequence of three sessile oak (Q. petraea) stands was selected: a sapling stand (8-year-old), a pole stand (20-year-old) and a high forest stand (150-year-old) . In this paper, trees of the sapling stand are referred to as 'saplings', the pole stand 'poles' and the high forest 'mature trees'. The three stands are even-aged, having grown through natural regeneration. During winter 2010, the high forest stand was lightly thinned. The sapling and pole stands are almost monospecific with two strips of trees separated by a lane without trees. The high forest site is a mature oak forest with a dense understorey of hornbeam (Carpinus betulus L.). The main forestry characteristics of each plot are summarized in Table 1 .
Experimental design
At the pole and mature plots, six dominant trees with the same trunk circumference and phenological status were monitored over 1 year. At the sapling plot, due to the small size of the trees, measurements and samplings were not always conducted on the same trees but on six different dominant trees at each sampling date.
Trees were sampled from winter 2011 to winter 2012: weekly from March to June 2011, then twice in summer 2011, every 15 days after the commencement of leaf senescence (i.e., from October to December 2011), and finally once in February 2012. This paper presents analyses of various carbon and nitrogen compounds in samples taken at seven key phenological stages of each plot (Table 2) : the leafless and non-growth period stage, by the end of winter 2011; budburst; the leaf expansion period; leaf maturity; after the End of wood growth period, by the end of summer 2011; leaf senescence; the leafless and non-growth period stage, winter 2012. The date of budburst was considered to be that of 90% opening of buds over the crown of the monitored trees corresponding to 1 week after the budburst date defined by 50% opening of buds (Vitasse et al. 2011) . Leaf expansion was considered to have occurred when the dry leaf mass per unit area (LMA) had reached 50% of the maximum value. Leaf maturity in each plot was considered to occur when LMA reached its maximum. The End of wood growth was evaluated by measuring the stem growth with band dendrometers (DB20, EMS Brno, Brno, Czech Republic) at breast height for the old trees, with a digital caliper for the six medium trees and with a digital caliper at 80-cm height in 31 young trees. Leaf senescence was considered to be the date of a 50% decrease in leaf chlorophyll content (area-based) from the maximum summer value, measured using a non-destructive portable optical sensor, Dualex 4© (Force-A, Orsay, France) (Cerovic et al. 2012) .
On each sampling occasion, sun leaves, current-year branches (2011-branches), 1-year-old branches (2010-branches) and fine and medium-sized roots (diameter <10 mm) were collected. Branches of mature trees were sampled from the top of the canopy using rifle shots, while branches from the sapling and pole plots were sampled by cutting. Fine and mediumsized roots were removed after digging around a coarse root on the mature trees and collected at the base of the stem for the two other plots. Fine and medium-sized roots were pooled for analyses and are designated as 'roots' throughout this paper. Sampling was always performed between 10:00 and 13:00 UT. All plant tissues were brought back to the laboratory in a cooler with freeze packs. Leaf surface and mass were measured, roots were washed and branches and cores were cut. All samples were then frozen at −20 °C, lyophilized and ground to a fine powder before analyses.
Quantification of carbon and nitrogen compounds
The soluble fraction (containing soluble sugars, amino acids, organic acids, etc.) was extracted with 1 ml of fresh water according to the method described in Damesin and Lelarge (2003) from 50 mg of lyophilized powder. After centrifugation, the supernatant was boiled and centrifuged to eliminate proteins, and the new supernatant was used to quantify soluble sugars and amino acids. The pellet was washed with ethanol until all pigments were removed, then used for starch extraction (dissolution in 6 N HCl and precipitation by methanol) as in Damesin and Lelarge (2003) . Starch was then recovered by centrifugation (20 min, 12,000 g, 4 °C) and the pellet obtained was transferred into weighted Eppendorf tubes. After drying at 40 °C for 4 h, the tubes were weighed again to obtain the weight of starch. Soluble sugars were measured in the soluble fraction as described by Stitt et al. (1989) : after enzymatic transformation of fructose and sucrose to glucose, glucose was determined using stoichiometric relationships between glucose concentration and NADPH formed by coupled enzymatic reactions.
Total soluble proteins were extracted as described by Bazot et al. (2013) , except the agitation method [twice for 2 min in a ball mill (Retsch MM 301, Dusseldorf, Germany), instead of vortexing]. Soluble proteins were quantified with Bradford reagent [Bradford Protein Assay, Biorad, Hercules, USA (Bradford 1976) ], followed by measurement of absorbance at 595 nm with a UV-visible spectrophotometer (UVIKON 932, NorthStar, UK). Bovine serum albumin was used as a standard. The amino acid concentrations were determined on the same extracts used for soluble sugar analyses by the method of Bantan-Polak et al. (2001): each amino acid was tagged with fluorescamine and the resulting molecule was detected by fluorescence, with a 405-nm excitation filter and a 485-nm emission filter. Fluorescent amino acids were used as a standard.
Statistical analyses
A two-way analysis of variance was used to test the effects of sampling dates during 1 year (from Leafless 2011 to Leafless 2012), tree age and the interaction between these two factors on C-NSC, N-NSC, starch, soluble sugars, protein and amino acid concentrations in each tree compartment analysed (i.e., 2010-branches, 2011-branches and roots). When a significant effect or interaction between date and age was underlined, HSD-Tukey tests were performed (i) to test the date effect on nitrogen and carbon compound concentration variations in each compartment between Leafless 2011 and Leafless 2012 for each tree age and bring out an age effect on these variations, and (ii) to compare compound concentrations between tree age classes at each date of sampling. The statistical analyses were carried out using the JMP in version 11.1.0 (SAS Institute, Inc., Cary, NC, USA). Normality and homoscedasticity were tested with Shapiro-Wilk and Fisher tests. Differences were considered significant for P < 0.05.
Results
Effect of age and sampling date on global changes of carbon and nitrogen compounds between Leafless 2011 and Leafless 2012
The two-way analysis points out a significant date effect on total C-NSC, total N-NSC, starch, soluble sugar, soluble protein and amino acid concentrations for all the compartments (Table 3) . Age effect was significant for N-NSC, soluble protein and amino acid in 2011-branches and for C-NSC, Effect of tree age in C and N seasonal variation 719 Table 3 . Analyses of variance of date, age and interaction effect factors on starch, soluble sugar, protein, amino acid, C-NSC and N-NSC concentrations in 2010-branches, 2011-branches and roots. Values in bold indicate significant effects (P < 0.05). df is the degree of freedom, and F is the ratio of the variance between groups to the variance within groups.
Compartment
Biochemical compound
Age effect Sampling date effect Interaction N-NSC, starch, soluble sugar and amino acid concentration in 2010-branches and roots. A significant interaction between tree age and sampling date for all compounds and compartments was also observed except for 2011-branch soluble sugar concentration and for root N-NSC and amino acid concentration (Table 3) .
General pattern and tree age effect on carbon compound seasonal changes
Carbon remobilization between Leafless 2011 and Budburst At Leafless 2011 and Budburst, there is no significant difference between tree ages in concentrations of C-NSC in 2010-branches and in roots. Between these two dates, a significant decrease in C-NSC concentration was observed in 2010-branches for all tree ages, whereas no significant decrease could be noticed in roots (Figure 1b and c) .
Considering separately starch and soluble sugar concentrations in 2010-branches, significant differences between tree ages were observed. For starch, (i) concentration at Leafless 2011 was significantly higher (+50%) in mature trees than in saplings, poles showing an intermediate concentration, and (ii) the magnitude of the significant decrease in starch concentration between Leafless and Budburst depended on tree age: −60% in mature trees, −65% in poles and −55% in saplings. At budburst, starch concentration in 2010-branches was not significantly different between tree ages, reaching a mean concentration of 1.84% dry matter (DM) (Figure 1b) . For soluble sugars, we observed that (i) concentration at Leafless 2011 was significantly higher (+90%) in saplings than in poles and mature trees, and (ii) soluble sugar concentrations significantly decreased in 2010-branches by 52% in saplings, but decreased to a lesser extent and not significantly for mature trees (−36%) and remained stable in poles. At Budburst, soluble sugar concentration in 2010-branches was not significantly different between tree ages, reaching a mean concentration of 2% DM (Figure 1b) .
In roots, there was no difference in starch concentration between tree ages at Leafless 2011 and Budburst, and there was no significant decrease in starch concentration between Leafless 2011 and Budburst. However in saplings, a significant decrease of −73% in soluble sugar concentrations between these two dates was observed (Figure 1c ).
Tree carbon filling during leafy season, between Budburst and Leaf senescence
The general pattern of C-NSC concentration variations for all tree ages showed a significant increase all along the leafy season in 2010-and 2011-branches. Nevertheless, in roots the pattern was tree age dependent. No changes were observed in mature trees and poles, whereas a fluctuation was noticed in saplings: C-NSC concentration increased between Budburst and the End of wood growth and then decreased (Figure 1 ).
Starch concentrations in 2010-and 2011-branches significantly increased from Budburst to Leaf senescence in trees of all ages: (i) in saplings, from 1.59 to 6.48% DM in 2010-branches, and from 2.61 to 10.08% DM in 2011-branches; (ii) in poles, from 1.69 to 7.39% DM in 2010-branches, and from 2.68 to 6.95% DM in 2011-branches; (iii) in mature trees, from 2.09 to 5.84% DM in 2010-branches, and from 3.47 to 7.67% DM in 2011-branches (Figure 1a and b) . However, the kinetics of this increase in 2010-branches also depended on tree age. On one hand, in saplings and poles, starch concentrations remained stable from Budburst to Leaf maturity and only increased between Leaf maturity and the End of wood growth, staying stable thereafter until Leaf senescence (Figure 1b) . On other hand, starch concentrations in mature tree 2010-branches increased significantly from Budburst to Leaf maturity and then remained stable until Leaf senescence ( Figure 1b) . As in 2010-branches, the kinetics of starch concentration increase in 2011-branches also depended on tree age: (i) in saplings, it increased from Leaf maturity to reach the maximal concentration at Leaf senescence; (ii) in poles and mature trees, starch concentrations increased earlier, from Leaf expansion and then progressively increased until Leaf senescence (Figure 1a) . At Leaf senescence, starch concentration in 2010-branches did not significantly differ between tree ages (Figure 1b) . However, in 2011-branches, saplings had higher starch concentrations than poles and mature trees (P < 0.05) (Figure 1a) .
Concentrations of soluble sugars in 2010-branches showed a fluctuation between Budburst and Leaf senescence with no clear pattern whatever the tree age (Figure 1b) . Concentration of soluble sugars in 2011-branches increased between Budburst and Leaf expansion and remained stable until Leaf senescence in trees of all age groups (Figure 1a) . At Leaf senescence, soluble sugar concentrations in 2010-and 2011-branches were higher in mature trees than in poles and saplings (Figure 1a and b) .
In poles and mature trees, starch and soluble sugar concentrations in roots remained stable from Budburst to Leaf senescence. In sapling roots, starch concentration increased significantly at the End of wood growth (1.63 vs 8.57% DM, respectively, for Budburst and End of wood growth) and then significantly decreased (Figure 1c) . Concentration of soluble sugars in sapling roots significantly increased from 0.31 to 2.00% DM between Budburst and Leaf expansion and then remained stable until Leaf senescence. At Leaf senescence, no significant tree age effect was noticed in starch and soluble sugar concentrations of roots (Figure 1c) .
Tree carbon winter use: between Leaf senescence and Leafless 2012
Carbon non-structural compound concentrations decreased in 2010-branches of mature trees and poles (significantly for mature) but remained stable in saplings. In Figure 1 . Concentrations of C-NSC in 2011-branches (a), 2010-branches (b) and roots (c) expressed in %DM, for saplings (white), poles (light grey) and mature trees (dark grey). For each age category, plain colour represents soluble sugar concentration expressed in %DM and striped colour represents starch concentration expressed in %DM. Vertical bars are standard errors of the mean of C-NSC values (n = 6). Letters correspond to the results of date HSD-Tukey test within each age category, for soluble sugar concentration (upper line) and starch concentration (lower line). Different letters indicate significant differences between dates within each age category (P < 0.05). At each date, significant difference between at least one age category (HSD-Tukey test) is noted by '*' (P < 0.05) and non-significant effect by '-', for soluble sugar concentration (upper line) and starch concentration (lower line). 2011-branches, C-NSC concentrations decrease whatever the tree age, but only significantly in saplings and poles. In roots, no significant variations are noticed in C-NSC (Figure 1) .
Starch concentrations in 2010-and 2011-branches significantly decreased from Leaf senescence to Leafless 2012 for all tree ages (Figure 1a and b) . Over the same period, soluble sugar concentrations in 2010-branches of saplings and poles significantly increased by 42 and 31%, respectively, but remained stable in mature trees (Figure 1b) . Soluble sugar concentration in 2011-branches significantly increased by 17% between Leaf senescence and Leafless 2012 in saplings, but remained stable in poles and mature trees (Figure 1b) . In roots, starch and soluble sugar concentrations increased by 87% between Leaf senescence and Leafless 2012 in roots of saplings, while they remained stable in poles and mature trees (Figure 1c ).
General pattern and tree age effect on nitrogen compound seasonal changes
Nitrogen remobilization between Leafless 2011 and Budburst At Leafless 2011, 2010-branches of saplings showed a significantly lower N-NSC concentration (N-NSC = soluble proteins + amino acids) than poles and mature trees (1.13 vs 2.15 and 2.34% DM for saplings, poles and mature trees, respectively, Figure 2a and b) . At Budburst, 2010-branch N-NSC concentration was significantly lower in saplings and poles than in mature trees (1.12 and 1.44% DM vs 3.35% DM, respectively). Between these two dates, no significant variation in N-NSC concentration was observed in 2010-branches or in roots for all tree ages (Figure 2b and c) .
Considering soluble protein concentration in 2010-branches, significant differences between tree ages were observed: (i) at Leafless 2011, saplings have lower soluble protein concentration than other age groups (significant difference with poles); (ii) between Leafless 2011 and Budburst soluble protein concentration in 2010-branches remained stable in saplings, slightly decreased (non-significant) in mature trees (31%) and significantly decreased in poles by 42%. At Budburst, soluble protein concentration in 2010-branches did not significantly differ between tree ages (Figure 2b) .
At Leafless 2011, amino acid concentration in 2010-branches of saplings was lower than concentration in poles and mature trees (significant for mature trees). Between Leafless 2011 and Budburst, it remained stable in saplings and poles but significantly increased by 100% in mature trees. At Budburst, amino acid concentration in 2010-branches of mature trees was more than three times higher than those in poles and saplings (Figure 2b) .
At Leafless 2011 in roots, soluble protein was not significantly different between tree ages, and remained stable between Leafless 2011 and Budburst in trees of all ages (mean of 0.82% DM). At Leafless 2011, in roots, amino acid concentration in saplings was significantly lower than in other tree ages (0.38 vs 1.52 and 1.53% DM). However, in roots any significant decrease between Leafless 2011 and Budburst and no significant differences between tree ages at Budburst could be noticed (even if saplings showed lower amino acid concentration at Budburst) (Figure 2c ).
Tree nitrogen changes during the leafy season: between
Budburst and Leaf senescence The general pattern of N-NSC concentration for all tree ages during this period was a clear and drastic decrease in 2011-and 2010-branches between Budburst and End of wood growth (Figure 2a and b) . For all compartments, the lowest N-NSC concentration noticed was at the End of wood growth followed by an increase at Leaf senescence (Figure 2) . The picture depicted considering soluble protein and amino acid separately is consistent with this general pattern (Figure 2) .
Soluble protein 2011-branch concentration significantly decreased between Budburst and Leaf expansion whatever the tree age (a decrease of 42% in mean whatever the tree age). Thereafter, those concentrations remained constant in trees of all age groups until the End of wood growth where the lowest soluble protein concentration of the leafy season was observed. In sapling and pole trees soluble protein concentration thereafter significantly increased to Leaf senescence (an increase not significant for mature ones). Globally no age effect could be noticed (Figure 2a) . Concentration of 2010-branch soluble protein showed the same pattern with the significantly lowest soluble protein concentration of the leafy season observed at the End of wood growth. Globally no age effect could be noticed (Figure 2b) .
Concentration of 2011-branch amino acids drastically decreased between Budburst and Leaf expansion whatever the tree age (a decrease of 77% in mean whatever the tree age) and thereafter stayed stable until Leaf senescence (Figure 2a) . 2010-branch amino acid concentration significantly decreased between Budburst and the End of wood growth in mature trees and then increased to Leaf senescence. In poles, amino acid concentration was significantly lower at the End of wood growth than at Budburst and then significantly increased to Leaf senescence. Amino acid concentration remained constant in saplings all along the leafy season (Figure 2b) .
In roots, soluble protein concentration stayed stable during all the leafy season in mature trees. In saplings and poles, soluble protein concentrations were significantly lower at the End of wood growth compared with the rest of the leafy season (Figure 2c ). Amino acid concentration in roots remained stable during all the leafy season at all tree ages (Figure 2c ).
An age effect on amino acid concentration in each of the tree compartments analyzed (2010-branches, 2011-branches and root) was noticed at all of the dates: the amino acid concentration of saplings was systematically lower than that of the poles, which was itself lower than that of mature trees (Figure 2c ).
Tree nitrogen pools filling at autumn and winter use: between Leaf senescence and Leafless 2012
The general pattern of N-NSC concentration for all tree ages between Leaf senescence and Leafless 2012 was an increase of N-NSC concentration in each compartment, but this was only significant for sapling trees (not for poles and mature trees) (Figure 2) .
Concentrations of soluble proteins significantly increased in 2010-branches from Leaf senescence to Leafless 2012 in saplings and poles. The intensity of the increase in 2010-branches depended on tree age: 159% in saplings, 60% in poles and 48% in mature trees. Concentrations of soluble proteins in 2011-branches increased in trees of all age groups, but only significantly in saplings (Figure 2b) . The increased intensity of soluble protein concentration in 2011-branches depended on tree age: 100% in saplings, less in poles and mature trees (33% and 43%, respectively) ( Figure 2a ). In roots, the concentration of soluble proteins increased in trees of all age groups, but only significantly in mature trees. The increased intensity of soluble protein concentration in roots depended on tree age: + 96% in mature trees, but less in poles and saplings (+33 and +21%, respectively) (Figure 2c ). At Leafless 2012, 2010-and 2011-branches showed significantly higher soluble protein concentration in saplings than in poles and mature trees. At this date in roots, no difference could be underlined between tree ages.
The concentration of amino acids remained stable between Leaf senescence and Leafless 2012 in all compartments in all tree ages, except in roots of saplings where a significant increase was noticed (>3.5-fold). At Leafless 2012, mature trees showed higher amino acid concentration than saplings and poles in 2010-and 2011-branches. In roots, no significant difference was noticed between age (Figure 2 ).
Discussion
The objective of this study was to analyse the effect of tree age on seasonal carbon and nitrogen compound changes at the key stages of reserve metabolism (remobilization in spring, formation during the leafy period and use in winter) in the main organs of sessile oak in terms of reserve mobilization/remobilization during one leafy season. At each key stage, common patterns were reported and differences between tree ages were then ascertained.
Effect of tree age on carbon and nitrogen compound remobilization at the beginning of spring
At the Leafless sampling date and Budburst, no age effect was noticed for C-NSC concentrations in 2010-branches (1-yearold branches) and roots. This is in agreement with Genet et al. (2010) who observed no influence of tree age on C-NSC concentrations in stem and coarse roots 2 weeks following Budburst in sessile oaks aged from 30 to 135 years old.
A similar pattern of decrease in 1-year-old branch C-NSC concentrations from Leafless 2011 to Budburst was observed in trees of all ages with a common C-NSC remobilization rate of 50%. This pattern is commonly described in temperate deciduous trees (Barbaroux et al. 2003 , Hoch et al. 2003 , Millard and Grelet 2010 , El Zein et al. 2011b , Bazot et al. 2013 ) and interpreted as carbon remobilization for demand related to spring growth of branches and leaves (Kramer and Kozlowski 1979, Gansert and Sprick 1998) . This short distance use of carbon compounds reduces transport costs of reserve remobilization (Matsuura et al. 2001 , Cerasoli et al. 2004 , Bazot et al. 2013 .
Between the date of Leafless sampling and Budburst, the main compound remobilized to form new organs in poles and mature trees was starch; soluble sugar concentration did not significantly decrease between Leafless 2011 and Budburst. On the contrary, between these two dates, saplings remobilized both C-NSC compounds, starch and soluble sugars, in the same proportion (50%). According to this observation, it could be hypothesized that poles and mature trees have already used soluble sugars stored in recent branches at the sampling date of Leafless 2011 or that at Budburst poles and mature trees used mainly starch whereas saplings needed both sources of C-NSC to develop new organs.
Whatever age, in roots no decrease in C-NSC concentration could be noticed between Leafless and Budburst. Only root soluble sugar concentrations significantly decreased in saplings. It could be interpreted as the result of a localised use of carbon stored in saplings for root growth, as suggested by Matsuura et al. (2001) . Indeed, a more active metabolism of roots at young tree stages is necessary to optimize soil nutrient uptake. Hydrolysis of soluble sugar is required to provide ATP for root nitrogen absorption and reduction (Morot-Gaudry 1997) . Contrary to previous measurements in mature oak trees conducted at the same site (Bazot et al. 2013) , no decrease of starch concentration was noticed in this experiment between Leafless and Budburst. The difference between these results was probably due to the difference in Leafless sampling date [the winter date of Bazot et al. (2013) was in February, while ours was later, in March]: in our case root starch utilization might have already occurred in mature trees, leading to low starch concentrations at Leafless 2011 in roots.
It is also important to underline that the level of storage at a specific date is totally year dependent and is correlated with climatic conditions at the sampling date. For example, Barbaroux (2002) observed two very different starch concentrations in branches of sessile oaks at budburst in 1998 (1.60%) and 1999 (6.00%), or Bazot et al. (2013) observed a concentration of 2.71% in branches of mature trees at budburst in 2008 in the Barbeau forest, whereas it was measured to be 2.09% in this experiment. The observed dry conditions in 2011 may have led to increased remobilization of carbon reserves in branches.
One-year-old branches showed distinct patterns of soluble protein remobilization according to tree ages. A significant remobilization of soluble proteins between Leafless and Budburst was observed in poles and mature trees. Such remobilization has been largely previously reported just after budburst in many tree species from different ages (Gomez and Faurobert 2002 , Grassi et al. 2002 , Millard and Grelet 2010 . For example, a 15 N urea labelling experiment on 1-year-old Pyrus communis showed a remobilization of labelled nitrogen from twigs to shoots and flowers (Tagliavini et al. 1997 ). Also, a significant decrease of soluble proteins after budburst was observed in 1-year-old branches of mature 150-year-old oaks (Bazot et al. 2013 ). This was associated with an increase in amino acid concentrations, which only occurred in mature trees, and illustrated the switch of nitrogen from immobilized compounds to circulated compounds devoted to the growth of new organs during budburst (Langheinrich and Tischner 1991) and a significant nitrogen root uptake after budburst (Gessler et al. 1998 , El Zein et al. 2011b . No remobilization of proteins and amino acids was observed in the saplings, suggesting that they are less dependent on their internal nitrogen reserves for new growth and that saplings used an external nitrogen source for new organ growth. The stability of amino acid concentrations in saplings and pole branches could also be explained by a compensation of amino acid remobilization through new nitrogen uptake.
The only pattern common to all age groups was observed in the roots, where soluble proteins and amino acid concentrations remained stable between Leafless 2011 and Budburst. This could be explained by three hypotheses: (i) nitrogen root remobilization will occur later in the season, hypothesis not confirmed by the analysis realized at Leaf expansion; (ii) remobilization is compensated by new nitrogen assimilation from root uptake; and (iii) remobilization had already occurred, an assertion supported by the N-NSC decrease in roots observed earlier in the season by Bazot et al. (2013) and Marmann et al. (1997) .
Higher amino acid concentration in poles and mature tree roots may be due to an increase in root biomass with tree age (Varik et al. 2013) or to an increase in the length of mycorrhiza root colonization (Holden et al. 2013 ) and higher rhizosphere microbial biomass (Zhang et al. 2012) , allowing better nitrogen uptake by roots and more extensive soil nutrient exploitation. Indeed, Marmann et al. (1997) found a positive link between mycorrhization, low-molecular-weight nitrogen compounds and tree age.
Effect of tree age on carbon and nitrogen compound changes during the leafy season
Globally, C-NSC concentration enhanced from Budburst to Leaf senescence in 1-year-old and 2011-branches (current-year branches). This accumulation is interpreted as carbon storage (Barbaroux et al. 2003 , Hoch et al. 2003 , Bazot et al. 2013 .
The main difference between tree age groups was in the pattern of starch accumulation in branches. Starch concentrations in 1-year-old branches increased just after Budburst in mature trees, whereas it was only increased at the End of wood growth in saplings and pole trees. Similarly, starch concentrations in current-year branches increased progressively between Leaf expansion and Leaf senescence in poles and mature trees, but only began to increase later in saplings, between Leaf maturity and the End of wood growth until Leaf senescence. This highlights that the allocation strategy varied with tree age: 150-year-old oaks have a conservative carbon storage strategy, favouring early storage in previous-year branches, while younger trees only store after the End of wood growth, favouring growth during the leafy season. Poles presented the same pattern as saplings in 1-year-old branches, and the same pattern as the mature trees in current-year branches, and so have an intermediate behaviour. Barbaroux and Breda (2002) showed that in 50-year-old oaks storage occurs partly in the trunk during wood growth, and this is predominant after early wood formation. These distinct allocation strategies could be the consequence of competition between trees in the plot. Indeed, considering mean stand density (Table 1) , and competition (mainly for light) within each plot, saplings may need to invest a significant proportion of their photoassimilates in growth, whereas mature trees were no longer obligated to do so.
In trees of all ages, soluble sugar concentration in 1-year-old branches increased from Budburst and reached a maximum at Leaf expansion, then remained stable until Leaf senescence. This result underlines rapid transfers of carbon as soluble sugars to new organs for growth at the beginning of leaf development. The observed stability of soluble sugar concentrations from Leaf expansion results from the balance between carbon import from photosynthetic leaves and green parts of the branches (Damesin and Lelarge 2003) , and export through carbon transfer to other tree compartments, or by rapid conversions of soluble sugars into starch (Sauter and Vancleve 1994) or use for maintenance and growth (Ogren 2000) .
An increase in starch concentration between Leaf maturity and the End of wood growth was observed in roots of saplings but not in poles and mature trees. Moreover, only saplings presented an increase in soluble sugar concentrations between Budburst and the End of the wood growth in roots. This suggests that fine and medium-sized roots of young trees have a temporary carbon storage function which diminishes with tree ageing. The increase in soluble sugars was followed by an important decrease from the End of wood growth to Leaf senescence in saplings, suggesting a carbon use at the end of the leafy season. Fine roots are currently defined as 'selfish' organs because they use their reserves locally for their own growth (Barbaroux and Breda 2002) . It is recognized that there is a fine root production at the end of the summer, as shown, thanks to rhizotrons, in Quercus prinus and Quercus alba by Joslin et al. (2001) , in Quercus robur by Ponti et al. (2004) and in Betula by Satomura et al. (2006) . The starch and soluble sugar concentration decrease observed in sapling trees may be due to this fine root production. This difference in root carbon concentrations with tree age could be explained, as in branches, by young trees, need to maximize growth, as a consequence of competition within the plot. Similarly, exudate production might also be more important in young tree stages to optimize growth and survival. Indeed, an excess of carbon in roots can allow an exudate production to optimize relationships with heterotrophic microorganisms and so improve nutrient cycling (Millard et al. 2007) .
As for carbon compounds, N-NSC concentrations decreased after Budburst in current-year branches of all tree ages. This decrease is explained as the dilution of compounds by the biomass increase. After this decrease, concentrations remained stable until Leaf maturity in trees of all ages, and this stability was also observed in 1-year-old branches. This may result in a change of nitrogen source to supply leaves and young branches with nitrogen: from an internal to external nitrogen source, i.e., nitrogen reserve remobilization vs root nitrogen. Indeed, during this period the external nitrogen source is recognized to supply leaves and new organs with nitrogen (El Zein et al. 2011a) . At the End of wood growth, the lowest N-NSC concentration of the leafy season was noticed for all tree ages in all compartments. This N-NSC decrease was mainly the result of the decrease in soluble protein concentrations. It could be hypothesized that soluble proteins were used at this time to sustain the End of wood growth due to lack of nitrogen root uptake. An internal nitrogen source as proteins was the only nitrogen accessible at this date.
After the End of wood growth, whatever the compartment, N-NSC concentrations significantly increased at all tree ages until Leaf senescence. This increase was mainly due to soluble protein concentration increase. This pattern confirms the beginning of the nitrogen reserve refilling as soluble proteins at the end of summer, whatever the tree age. Some studies suggest that nitrogen storage, as soluble proteins, begins at the end of summer or at leaf senescence (Staswick 1994 , Stepien et al. 1994 .
Amino acid concentrations in 1-year-old branches increased between the End of wood growth and Leaf senescence in poles and mature trees, yet remained stable in saplings. We interpret this as the arrival of amino acids from leaves. Indeed at Leaf senescence, amino acids are transported from leaves to perennial organs, where they are then stored as proteins (Sauter et al. 1989 , Gessler et al. 2004 . This is consistent with our observation (data not shown) of a decline of leaf nitrogen between the End of wood growth and Leaf senescence, especially for poles and mature trees. This leaf nitrogen remobilization might be slower in juvenile trees.
Effect of tree age on winter use of carbon and nitrogen compounds
Starch concentrations in branches decreased between Leaf senescence and Leafless 2012 in trees of all ages, the decrease during winter being a well-known phenomenon (Barbaroux et al. 2003 , Hoch et al. 2003 , Bazot et al. 2013 ). This is interpreted as carbon use for winter maintenance (Barbaroux 2002 , Damesin 2003 , through conversion of starch into soluble sugars used for respiration, regulated by temperature (Sauter 1988 , Ogren 1997 , Schrader and Sauter 2002 , Repo et al. 2008 .
A major difference between tree ages was seen in the variation of soluble sugars in 1-year-old branches: while it increased between Leaf senescence and Leafless 2012 in saplings and poles, it remained stable in mature trees. This increase was also observed by El Zein et al. (2011b) in stem wood of 50-year-old oak trees. Temperate trees have developed mechanisms to resist damage by cold temperatures: starch is usually converted into soluble sugars to avoid cellular freezing (Sakai 1962 , Schrader and Sauter 2002 , Morin et al. 2007 ). On 1 February 2012, the minimum temperature was −4.9 °C. As the lowest temperatures are usually recorded near the soil (Real-time monitoring of Barbeau forest 2013), branches of saplings and poles might be exposed to colder temperatures, due to their smaller height (Table 1) . Starch and soluble sugar concentrations in roots were observed to increase between Leaf senescence and Leafless 2012 in saplings, but not in poles and mature trees. As discussed earlier, carbon storage in fine and medium-sized roots might only occur at juvenile stages in sessile oaks.
Regarding nitrogen compounds, in trees of all ages, soluble protein concentrations in current-year branches, 1-year-old branches and roots increased between Leaf senescence and Leafless 2012, signifying leaf nitrogen remobilization to perennial organs (Staswick 1994 , Stepien et al. 1994 , Gomez and Faurobert 2002 , Cooke and Weih 2005 , Valenzuela Nunez et al. 2011 , Bazot et al. 2013 , as well as nitrogen absorption from soil by roots, observed at leaf senescence (Malaguti et al. 2001) .
The increase in soluble protein concentration in branches between Leaf senescence and Leafless 2012 was higher in young trees than in older trees, suggesting that leaf nitrogen remobilization efficiency at leaf senescence decreases with tree age. Amino acid concentrations in current-year and 1-year-old branches were higher in mature trees than in saplings in winter 2012. This result can be explained by the more developed root systems of mature trees (Varik et al. 2013) , which are better able to explore the soil and obtain a greater nitrogen supply.
Conclusion
Our experiment is the first to document the relation between seasonal carbon and nitrogen compound changes and tree age in the field. Nitrogen and carbon compound changes have distinct chronological patterns, and involve different compartments of the tree, according to its age. Nitrogen compound concentration variations between Budburst and Leaf senescence on one hand, and between Leaf senescence and winter on the other hand confirm that nitrogen storage occurs later than formation of carbon reserves, as shown in previous work (Bazot et al. 2013) . Our results highlight a general pattern of carbon and nitrogen function in sessile oaks of all tree ages: (i) a carbon reserve remobilization at budburst for growth, followed by (ii) a carbon reserve formation during the leafy season; (iii) these carbon reserves are used during winter for maintenance; (iv) the variation in concentrations of nitrogen compounds shows less amplitude than that of carbon; (v) the lowest level of nitrogen reserve occurred at the end of wood growth; and (vi) storage of nitrogen as proteins mainly depends on leaf nitrogen remobilization and root uptake in autumn. Some noticeable differences between tree age groups are revealed by this study. Root metabolism demands more carbon in spring and autumn in saplings than in mature trees, related to a higher root growth investment. Patterns of carbon storage change with tree age: juvenile trees preferentially allocate carbon for growth in branches during the wood growth period, while mature trees store carbon just after Budburst. The location of carbon stores may also change with tree age, in particular, with the strong role of fine and medium-sized roots in saplings. Compartment sizes can explain some differences in compound concentrations between tree ages: (i) mature trees present higher soluble sugar concentrations at leaf senescence in branches, as a result of shorter branches with ageing; (ii) mature trees present generally higher amino acid concentrations, whatever the compartment, as a result of a larger root system which enables a higher root nitrogen uptake. These results highlight that physiological and developmental functioning varies with tree age, which, together with environmental conditions, influences the carbon and nitrogen concentration variations in sessile oaks. This study is the first step to a better understanding of the effects of tree age on seasonal changes of carbon and nitrogen compounds in trees, but it will be interesting to consider biomasses of all tree compartments, to establish allocation patterns at tree level and to have a better understanding of the decline in productivity with tree ageing.
